The sequences of the genes of two of the major capsid proteins of epizootic haemorrhagic disease virus serotype 1 (EHDV-1, Orbivirus genus, Reoviridae) have been determined by analyses of cDNA clones representing the L2 and $7 RNA segments. The EHDV-1 $7 RNA segment, which encodes the VP7 core protein, is 1162 nucleotides in length and has the capacity to encode 349 amino acids (Mr 38243). The EHDV-1 L2 RNA segment, which encodes the outer capsid VP2 protein (Mr 113 249) is 2968 nucleotides in length and has an open reading frame of 971 codons. The potential secondary structure of the EHDV-1 $7 mRNA species, in particular that of the terminal regions, is comparable to those of the corresponding segments of bluetongue virus (BTV) and African horse sickness virus (AHSV); the EHDV-1 L2 mRNA species has a secondary structure similar to that of the L2 mRNA of BTV. The EHDV-1 VP2 and VP7 proteins, as well as those of the other two major structural proteins of EHDV published previously (the inner core VP3 protein and the second outer capsid, VP5), are closely related to the corresponding proteins of BTV. The EHDV and BTV VP7 sequences are more distantly related to the sequence of the AHSV VP7 protein published recently.
Introduction
Haemorrhagic disease is an important infectious disease of white-tailed deer in the U.S.A. and elsewhere, and is caused by epizootic haemorrhagic disease virus (EHDV; Jessup, 1985) . In addition to white-tailed deer, EHDV infects and may induce disease in mule deer, black-tailed deer, bighorn sheep and pronghorn antelope (Karabatsos, 1985) . Based on serological and other studies, infections in these wild ruminants range from inapparent to overt, the latter often associated with high mortality. EHDV can also infect certain domestic ruminants, e.g. cattle. The virus is a member of the Orbivirus genus, family Reoviridae (Karabatsos, 1985) , the prototype of which is bluetongue virus (BTV). There are some 24 serotypes of BTV recognized world-wide, and eight of EHDV, all of which are transmitted by biting midges (Culicoides) (Karabatsos, 1985) . The viruses are sympatric in many regions of the world. EHDV-and BTVinduced diseases are seasonal, often occurring in the late The EHDV-1 L2 DNA and $7 DNA sequence data have been submitted to the EMBL database and assigned the accession numbers D01139 and D01140, respectively. summer and early autumn, and BTV can also infect cattle. Thus, there is opportunity for both viruses to infect the same vectors and hosts in nature. This raises the question of whether the two viruses are sufficiently genetically related to allow recombination to occur during co-infections via RNA segment reassortment.
BTV and EHDV are morphologically similar and have similar biochemical features. Both have genomes consisting of 10 dsRNA segments designated large (L1 to L3), medium (M4 to M6) and small ($7 to S10), enclosed by a double capsid and in association with seven structural proteins (VP1 to VP7; Verwoerd et al., 1972) . The outer capsid of BTV consists of two major proteins, VP2 and VP5. The inner capsid, or core, contains the other two major structural proteins, VP7 and VP3 (Loudon & Roy, 1991) . Recent detailed analyses of BTV cores by cryoelectron microscopy and image processing techniques have confirmed these biochemical data and have indicated that the knobby outer components of cores are composed of trimers of VP7 that overlie an icosahedral subcore of VP3 (Prasad et al., 1992) . Sequence analyses of BTV VP3 and VP7 have shown that both proteins are highly conserved among various BTV serotypes (Roy & Gorman, 1990) . The VP7 protein, 0001-0649 © 1992 SGM which is encoded by the M7 segment, makes up approximately 36% of the total core protein (Huismans & Van Dijk, 1990) . The VP2 protein of BTV, which is the serotype-specific protein, is the most variable of the seven structural proteins (Roy & Gorman, 1990) .
To investigate the genetic relationships among orbiviruses transmitted by Culicoides vectors, we have initiated an analysis and comparison of the genes encoding the four major structural proteins (VP2, VP3, VP5 and VP7) of BTV, EHDV and African horsesickness virus (AHSV). The sequence of the entire dsRNA genome of BTV serotype 10 (BTV-10) has been determined (Fukusho et al., 1989) . We have recently reported the gene and protein sequences of the core protein, VP3, and outer capsid protein, VP5, of EHDV-1 (Le Blois et al., 1991 ; Iwata et al., 1991) ; we have also determined the sequence of the VP7 protein of AHSV-4 . The data demonstrate the close relationships between the two EHDV proteins and the corresponding proteins of BTV. In part, this has been confirmed by the synthesis of BTV-EHDV chimeric cores involving, respectively, the VP7 and VP3 proteins of BTV and EHDV (Le Blois et al., 1991) . In this report we present the complete sequences of the genes encoding the EHDV-1 VP2 (L2 dsRNA) and VP7 proteins ($7 dsRNA), and document the similarities between these two structural proteins and the corresponding proteins of BTV, and a more distant relationship between their VP7 proteins and that of AHSV-4. Interestingly, the 3' and Y-terminal regions of the EHDV-1 L2 (or $7) ssRNAs (i.e. the putative mRNA strand), like those of their BTV or AHSV counterparts, exhibit the potential to form an intramolecular secondary structure.
Methods
Viruses, cells and isolation of dsRNA. EHDV-1 was plaque-purified using monolayers of BHK-21 cells. The viral dsRNA was purified and the 10 individual RNA segments were separated and recovered as described previously (Purdy et al., 1984 (Purdy et al., , 1985 Ritter & Roy, 1988) .
DNA cloning of the EHDV-I dsRNA segments and DNA-RNA hybridization. Polyadenylation of EHDV-I dsRNA and synthesis of eDNA copies using an oligo(dT)12_~8 primer were undertaken as described previously (Purdy et al., 1984 , 1985 . Clones containing the viral sequence were screened by colony hybridization using short 32p-labelled eDNA probes synthesized from dsRNA segments as described previously (Purdy et al., 1984; Grunstein & Hogness, 1975) . To determine the length of the inserts, the hybridization-positive clones were digested with HinfI and the products compared with those of the plasmid vector digested similarly (Purdy et al., 1984 (Purdy et al., , 1985 . For confirmation of the origin of each clone, EHDV-1 RNA was extracted from infected BHK-21 cells, purified and resolved on an agarose gel (Purdy et al., 1984) . The gel was then blotted onto a GeneSereen membrane (New England Nuclear) and hybridized to nick-translated cloned DNA (Maniatis et al., 1982) .
Sequencing ofEHD V DNA clones. The sequence of DNA clones was determined by the dideoxynucleotide sequencing method (Sanger et al., 1977) using the appropriate DNA fragment or deletion derivatives subcloned into pUC plasmids (pUC 18 or pUC 19). Deletion derivatives were obtained by digesting linearized plasmid DNA with exonuclease III, followed by treatment with mung bean nuclease, self-ligation and transformation. The terminal sequences of the cDNA inserts were determined by the method of Maxam & Gilbert (1980) from terminally labelled HinfI digestion products following PstI excision of the insert.
Results

Molecular cloning o f full-length cDNAs of EHD V dsRNAs
The strategy used to prepare cDNA from EHDV-1 L2 and $7 dsRNA was similar to that described previously (Purdy et al., 1984 (Purdy et al., , 1985 . For the L2 and $7 dsRNA segments, the estimated sizes of the derived cDNA copies (approximately 3000 and 1200 bp respectively) suggested that they were complete, or nearly complete, transcripts of the corresponding viral RNA segments. The cDNA duplexes were each cloned into the PstI site of pBR322, after tailing with dC. Approximately 20 to 40 clones representing each gene were identified by colony hybridization (Grunstein & Hogness, 1975) . The HinfI restriction patterns of the clones were determined and two representative clones (no. A23 and no. I13) were initially selected for further analyses. To confirm their identity, each clone was individually subjected to Northern blot hybridization analyses using purified EHDV-1 RNA (data not shown). The position of each viral RNA segment in the agarose gel was determined by ethidium bromide staining (Purdy et al., 1984) . By this procedure it was shown that clone no. A23, representing the L2 dsRNA, contained approximately 3 kbp of cDNA, and that clone no. I13, representing the $7 dsRNA, contained an insert of some 1.2 kbp. The 5'-and 3'-terminal sequences of the cDNA clones representing the L2 dsRNA segments of EHDV-1 were compared to those of the corresponding segment of BTV-10 RNA (Rao et al., 1983) , as well as those of the EHDV-1 L3 and M5 dsRNA segments (Iwata et al., 1991 ; Le Blois et al., 1991) . Clone no. A23 contained the 5'-terminal GTTAAA .... sequence, but lacked the expected consensus Y-terminal sequence. A second clone representing the L2 segment (no. I23) was therefore selected (500 bp in length) and its terminal sequences were determined. This clone extended the sequence of clone no. A23 and ended with a T-terminal sequence of ...GCTTAC, i.e. it possessed a G residue instead of the usual A residue in the sixth position. Three more L2 clones were analysed and were found to contain the same Y-terminal sequence.
The sequences of both strands of each clone were determined by the dideoxynucleotide chain termination method (Sanger et al., 1977) . The complete nucleotide sequence of the cDNA of EHDV-1 L2 was deduced to be 2968 bp long; the Mr of the L2 dsRNA was calculated to be 2.96 x 106 and its base composition was 19.95~ C, 1 T r r (=) 3.0
19-95~o G, 30.5~o A and 30.5~o U. The RNA is slightly longer than the L2 dsRNAs of the six BTV serotypes that have been sequenced to date (see , the longest BTV L2 segment (BTV-1) being 25 bp shorter than the EHDV-1 L2 sequence (i.e. 2943 bp). The 5' noncoding region of EHDV-1 L2 RNA was 16 bp in length, also shorter than those of the known BTV L2 segments, which are between 17 (BTV-1) and 21 bp (BTV-13; see . The 3' non-coding region of the L2 RNA of EHDV-1 was 36 bp in length, similar to those of the L2 gene of BTV-10 and other BTV serotypes . Direct comparison of the 5' and 3' sequences of the L2 mRNA strands of BTV-10 and EHDV-1 is shown in Fig. 1 . Before the AUG translation initiation codons, 10 of 16 of the 5'-terminal nucleotides of EHDV-1 L2 were identical in type and position to those of BTV-10; 3' to the translation termination codon, 14 of the 36 terminal nucleotides were conserved between the two viruses. When the coding regions were compared using the best-fit alignment of the protein sequences (see later), 38 ~ of the 2913 nucleotides were conserved in type and position.
Nucleotide sequence of the EHDV-1 $7 dsRNA segment that encodes the VP7 core protein
The 5'-and 3'-terminal sequences of clone no. I13 exhibited the characteristic terminal sequences of BTV and EHDV dsRNA segments (i.e. for the mRNA sense strand 5' GTTAAA... and ...ACTTAC 3'). The sequences of both strands of the selected clone were determined by the dideoxynucleotide chain termination method (Sanger et al., 1977) . The complete nucleotide sequence of the cDNA of EHDV-1 $7 was 1162 bp long, only 6 bp longer than that of BTV-10 (Yu et al., 1987) and 17 bp shorter than that of AHSV . The Mr of the VP7 dsRNA was calculated to be 1-16 × 106 and its calculated base composition 21"95~o C, 21.95~ G, 28-05 ~ A and 28.05 ~ U. The 5' non-coding sequence of the $7 mRNA was 18 nucleotides in length, the 3' noncoding sequence some 85 nucleotides long. A comparison of the EHDV-1 $7 RNA sequence with that of BTV-10 is shown in the lower half of Fig. 1 . As indicated, the 5' non-coding sequence of EHDV $7 RNA is similar in length to that of the BTV sequence, whereas the 3' sequence is six nucleotides longer. Apart from the conserved termini, alignment of the 3' sequences gave a value of 50 of 89 nucleotides (55 ~) in similar positions between the translation termination codons and the start of the conserved ACUUAC termini. In the coding region, 66~ of the 1059 nucleotides of the $7 RNA sequence were conserved in type and position. . The distribution of the hydrophilic and hydrophobic regions along the predicted amino acid sequences of the proteins (residues 1 to 956, and 1 to 970) was determined using the algorithm of Kyte & Doolittle (1982) and a window setting of 21 amino acids. The hydrophilic regions are shown above and the hydrophobic regions below the zero axis.
Properties of the EHD V-1 L2 RNA-encoded product, the VP2 protein
Based on the cDNA sequence, the L2 gene product encoded by the presumptive mRNA strand of the EHDV-1 L2 dsRNA consists of 971 amino acids with an Mr of 113249, i.e. equivalent to the BTV VP2 protein . The indicated EHDV-1 VP2 protein contains many charged residues (R, K, H, D and E), 32~ of the total amino acids. This overall composition is similar to those of the BTV VP2 proteins, although the net charge for EHDV-1 VP2 (+4) differs from that of BTV-10 (-11.5). Alignment of the EHDV-1 VP2 sequence with that of the BTV VP2 protein (Staden, 1982) revealed that 21-1 ~ to 24.3~ of the amino acids are identical in type and position to those of BTV (see Fig. 2 ). However, to obtain these best-fit alignments, 22 to 29 gaps were required. When amino acids of similar character were taken into consideration, the similarity EHDV-I  VP7  MDTIAARALT  VIKACNTLKE  VRIVVESNVL  EILGIAVNRY  NGLTLRSVTM  50  BTV-10 VP7 ********** *MR**A**Q* A***L*A**M ******I*** ******G*** 50 AHSV-4 VP7 **A******S *V+**V*VTD ~*VS-DPG *~ *T****÷*** ****NH**S* 50 EHDV-I VP7 RPTSQEQRNE MFYMCLDMIL AAANLNVGNI SPDYIQNLAT IGVLATPEIP i00 BTV-10 VP7 ****LA**** **F*****M* S**GI***P* ****T*HM** ********** i00 AHSV-4 VP7 **QT*+E*** **+**T**V* **L*VQI*** S***D*A*** V*A***T*** i00 index was between 47.6 % and 49.5 %. The regions of the EHDV and BTV VP2 proteins that exhibited the greatest similarities are located near the C terminus and in the centre of the protein (Fig. 2) . This was confirmed by Diagon analyses (data not shown). The hydropathic profile of EHDV-1 VP2 indicated that the protein has a stong hydrophilic character, again similar to that of the BTV VP2 protein (see Fig. 3 ). A few regions of hydrophobicity were identified near the C and at the N terminus.
Properties of the EHD V-1 $7 RNA-encoded product, the VP7 protein
Analyses of the $7 RNA sequence indicated that it encodes a protein of 349 amino acids with an estimated M r of 38243. As shown in Fig. 4 , like the VP7 proteins of BTV-10 and AHSV-4, the $7 gene product is deficient in charged amino acids (19% of the total composition for EHDV-1 VP7); the protein is rich in hydrophobic amino acids. Sequence alignment (Staden, 1982) indicated that the EHDV-1 VP7 protein is not only closely related to the BTV VP7 protein but also comparable with the AHSV VP7 protein, as shown in Fig. 4 . To obtain the best-fit alignment no gaps were required between BTV and EHDV sequences, and only six gaps between those sequences and that of AHSV (Fig. 4) . In the aligned sequences 64~ of the amino acids of the EHDV VP7 and BTV VP7 proteins, 44~ of the EHDV and AHSV VP7 proteins, and 44~ of the BTV and AHSV VP7 proteins were identical in type and position. When amino acids of similar character were considered, the similarity between the EHDV and BTV proteins was more than 80 ~. The region with the most conserved residues was at the N terminus (the first 120 amino acids, Fig. 4 ). All three proteins had two conserved cysteine residues, one at position 15 and the other at position 65. Whether these are involved in the formation of disulphide bridges is not known. The BTV sequence has an additional cysteine residue at position 154; AHSV has additional cysteine residues at positions 161, 195 and 273.
The VP7 sequence of all BTV serotypes analysed contains only one lysine residue (Fig. 4, amino acid 255 ; Yu et al., 1987; Kowalik et al., 1990) . In the EHDV VP7 sequence there is also a lysine residue at that position. However, the EHDV VP7 has three other lysines (residues 13, 19 and 274). In the BTV sequence these positions are occupied by R, Q and D residues (Fig. 4) . In the AHSV VP7 protein there is an R at the position equivalent to the K residue in the conserved EHDV and BTV sequences, and a single K residue at amino acid 13 (Fig. 4) . Whether the lysine at residue 255 in the BTV and EHDV sequences (and arginine in the AHSV VP7) has a particular structural or functional role is not known• All three proteins exhibited similar hydropathic profiles (data not shown), although the AHSV VP7 profile differs most. Each protein possesses several strongly hydrophobic regions; particularly prominent regions are located near the N and C termini.
In view of the length of the long non-coding region at the 3' end of the EHDV-1 $7 mRNA strand, an analysis was undertaken to detect the presence of additional open reading frames (ORFs). After the VP7 stop codon the same reading frame continued to the end of the sequence without other termination codons. In the + 1 reading frame the VP7 ORF can be extended for only seven codons; in the -1 reading frame there is an ORF (containing a methionine five codons after the end of the VP7 sequence) that extends the VP7 sequence by 20 codons. When the corresponding sequences of BTV-10 were analysed, the amino acid sequences (in any reading frame) were not comparable• It was concluded that it is unlikely that the 3' non-coding region encodes a gene product or extends the VP70RF.
Using the same criteria, no ORF in the negative-sense sequence of the $7 RNA of EHDV-I was conserved in the corresponding BTV or AHSV sequences (data not shown). Therefore, it was concluded that neither the 5' non-coding or any other region of the EHDV-1 negative-sense RNA is likely to encode a protein, and that the sequence and length of this region must have other significance.
Discussion
The RNA of orbiviruses, like that of reoviruses, exists in 10 equimolar dsRNA segments within virions (L1 to 3, M4 to 6 and $7 to 10 species), the arrangement of which is not known. During an infection the negative sense strand of each duplex serves as a template for the synthesis of mRNA species that are extruded from virions and programme the synthesis of viral proteins. How the mRNA species are selected for the association with virion precursors is unknown. It can be hypothesized that the mRNA species of orbiviruses have evolved a specific mechanism for the egress from and entry into virions, specifically (i) the viral derivatives produced from infecting virions and (ii) virion precursors made de novo in infected cells. It has been shown using the appropriate recombinant baculovirus expression vectors that the BTV minor proteins (VP 1, VP4 and VP6) are incorporated within BTV core-and virus-like particles (Loudon & Roy, 1991; and unpublished data) . Packaging could involve not only the virus-induced nonstructural proteins, such as NS2, but also particular sequences and structures of the mRNA species themselves.
It has been previously reported that the 5'-and 3'-terminal end sequences of the mRNA strands of BTVt0, BTV-13, BTV-17 and AHSV-4 $7 RNA species have inverted complementary sequences that are capable of forming intramolecular hydrogen bonds (i.e. end-to-end hydrogen bonding; Roy et al., 1991) . Similar structures, but with different compositions and lengths of duplexed and non-duplexed sequences (e.g. looped-out regions) can be derived for the EHDV $7 mRNA species. Using the FOLD program of the University of Wisconsin Genetics Computer Group, the secondary structure predicted for the complete EHDV-1 $7, mRNA strand has been derived, giving the result shown in Fig. 5 (a) . A detail of the terminal region is presented in Fig. 5 (b) . Of 581 possible base pairings, the structure predicts the presence of 385 (66 ~). Although other structures may be deduced for the terminal regions (see top left panel of Fig. 5 b) , the potential involvement of so much of the sequences in duplexes is unlikely to be solely fortuitous. For the predicted structures of the complete BTV-10 and AHSV $7 mRNA strands shown in Fig. 5 (c, d) , similar conclusions can be drawn. Of the 589 possible base pairings for the AHSV sequence, the structure predicts that 395 (67 ~) are formed; for the BTV-10 sequence 66~ of the nucleotides may be involved in duplexes (379 of a possible 578). The terminal structures of the three sequences are quite comparable in terms of overall configuration even though they differ in terms of actual sequence and the particular stem and loop structures involved. The conservation of the structure of the terminal regions may be involved in regulation of transcription or replication of the RNAs, or may be of relevance to the question of recruitment of mRNA species to the sites of particle morphogenesis and encapsidation of RNA into viral cores, and eventually virions. Experimental systems are required to investigate these issues.
The predicted secondary structures of the termini of the BTV L2 mRNA strands are shown in Fig. 6 . The overall length of the L2 RNA sequence precludes a determination of the complete hydrogen-bonded sequence using the FOLD program (which is limited to analysing less than 1500 nucleotides). The structures given in Fig. 6 are grouped in terms of the L2 gene sequences of the VP2 proteins most closely related to that of BTV-10 (Fig. 6a) i.e. BTV-11 and BTV-17 (Fig. 6b, c) , and those of the other BTV serotypes (Fig. 6d to f) . The structure of the comparable EHDV-1 L2 mRNA sequence is given in Fig. 6(g) . The AUG translation initiation codons are underlined and the translation termination codons are given in heavy type (Fig. 6) . Although the structures in each virus involve different nucleotide sequences, those indicated are generally comparable, except for the presence of between one and four looped-out nucleotides in the 5' strand. Each structure has a looped-out region of four nucleotides near the 3' terminus; the same type of looped-out sequence is present in one of the $7 RNA configurations shown,in Fig. 5(b) . The sequences also have a looped-out U residue three nucleotides from the 5' terminus. In the alternative configuration shown in Fig. 6 (g), this nucleotide is involved in a duplex structure and the 5'-terminal G and U residues are looped-out. The $7 RNA 3' non-coding sequences of the EHDV and the BTV mRNA strands are longer than the corresponding regions of the L2 RNA sequences. The VP7 proteins of EHDV and BTV are more highly conserved than their VP2 proteins. The aligned RNA sequences are also more conserved for the $7 genes than the L2 genes, including the 3' non-coding regions. The latter is perhaps surprising if both genes have had the same opportunity to evolve, unless some constraint on evolution has been operating.
Orbiviruses are divided into some 12 to 13 groups based on the serological reactions of soluble antigen(s), as demonstrated by complement fixation, immuno o fluorescence and agar gel precipitation tests. The orbivirus core protein, VP7, is considered to be a serogroup-specific antigen (Huismans & Erasmus, 1981) . Viruses (serotypes) within a serogroup are distinguished by neutralization tests, which involve the reaction of antibodies with the outer capsid protein, VP2 (Huismans & Erasmus, 1981) . A low level of serological crossreaction among viruses representing different orbivirus serogroups has led to confusion regarding the grouping of these viruses. Cross-reactivity between BTV and EHDV has been detected even after the initial serogroups had been established (Borden et al., 1971; Moore & Lee, 1972) . Nevertheless, since BTV was originally isolated from sheep and EHDV from deer, there has been a reluctance to include viruses of the EHDV serogroup within the BTV serogroup.
The sequence data obtained for the VP7 proteins of BTV, AHSV and EHDV indicate that the viruses are closely related at the genetic level. Of the BTV-10 and EHDV-1 VP7 amino acids, 64% are identical in type and position, as are 44% of the EHDV and AHSV VP7 sequences, and 44% of the BTV-10 and AHSV-4 sequences ( Fig. 4; see Roy et al., 1991) . For the VP2 protein sequences, 22.7% of the EHDV-1 and BTV-10 sequences are identical (Table 1) , whereas for the VP5 proteins the figure is 62% (Iwata et al., 1991) and for the VP3 proteins, 78 % of amino acids are identical in type and position (Le Blois et al., 1991) . In view of both the sequence and serological analyses there is no doubt that EHDV, BTV and AHSV are genetically related and derived from a common ancestor. The similarity between the sequences of BTV and EHDV indicates that they should be considered as members of the same serogroup. However, it is noteworthy that all attempts to generate reassortants between these two serogroups in an in vitro system have been unsuccessful (Brown et al., 1988) .
Recently, we have employed recombinant VP7 proteins of BTV-10 and AHSV-4 to analyse their antigenic relationship (Oldfield et al., 1990; Chuma et al., 1992) . Both proteins have been shown to react in ELISA and immunoprecipitation tests not only with both corresponding viral antibodies, but also with EHDV antibodies. This cross-reactivity is not seen in Western blot analyses, suggesting that the major reactive epitopes of VP7 are conformational.
